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Objectives. To assess the effects of intermittent limb compression on arterial collateral formation in a rabbit-model.
Design. Animal study.
Material and methods. New Zealand rabbits (n¼ 11), aged 2-years, weight of at least 4.0 kg, underwent bilateral super-
ficial femoral artery ligation. In ten of these, the experimental leg underwent 60 minutes of daily intermittent compression
for a ten week period with 3 sec/90 mmHg pressure inflation and a cycle of 3 times per minute. The contra-lateral limbs were
not treated. At the end of the ten-week period, high-resolution angiograms were obtained by barium infusion into the aorta.
The angiograms were analyzed in a blinded manner and the number of collateral arteries larger than 100 microns, was
counted. Following perfusion-fixation, histological specimens of transverse sections of the compressed semi-membranous
muscle were examined.
Results. The compressed limbs demonstrated a significantly (8.1 .87 vs 6.0 .97; p< 0.005) greater number of collat-
eral vessels, ranging in size from 100e700 microns, as compared to the control sides. The mean size of collaterals in the
compressed limbs was not significantly different (0.33 0.17 vs 0.31 0.16). Microscopic examination of the collaterals
confirmed remodeling by a typical neo-intima consisting of 6e7 cell-layers.
Conclusions. Intermittent limb compression increases the number of angiographical collateral arteries.
 2007 Published by Elsevier Ltd on behalf of European Society for Vascular Surgery.
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disease; Remodeling; Animal models of human disease.Introduction
Several authors have studied chronic intermittent
compression to treat claudication,1e4 rest-pain and
ulceration5e7 in patients with anatomically unfavor-
able outflow arteries or marginal renal function, who
are poor candidates for endovascular procedures. Al-
though the reported results have been encouraging,
clinical studies have been hampered by subjective pa-
tient factors, such as pain and walking distance. Ulcer-
healing is a complex multi-factorial end-point, which
might be affected by edema-reduction or nitric-oxide
release rather than improved perfusion in response
to intermittent compression. The acute response
to compression has been subject of various studies,
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blood volume-flow8e11 and flow-velocity, collateral
artery blood flow12 and skin-flux.13 However, these
acute studies in humans do not explain why long-
term daily application of intermittent compression
would have beneficial long-term effects.
On the other hand, experimental studies in rabbits
havedescribed theprocess of collateral artery formation
in detail.14e17 In addition to the histological, ultra-
structural and protein expression studies, the increase
in functional capacity of new collaterals over time has
beenwell described.Hoeffer et al.18,19 calculated the col-
lateral conductance from the combination of catheter-
derived pressures and microsphere-derived blood
flows. Four weeks after ligation, the conductance was
47% of normal maximum blood flow, which increased
to 60% after six months. Therefore, a model with 10-
week follow-up would be expected to fit in between
these values. Recently, an increase of angiographically
visible collaterals was obtained after selective intra-
arterial administration of microspheres incorporatingon behalf of European Society for Vascular Surgery.
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graphic collaterals were also shown to be functional.
For lower extremities, external compression treat-
ment would avoid drug delivery problems and could
possibly avoid potentially serious side-effects, such as
promotion of tumor growth. Our hypothesis was that
the use of unilateral intermittent limb compression
in a model of bilateral femoral artery ligation and
developing collateral arteries would modify the de-
velopment of collaterals leading to angiographical
asymmetry between the treated limb and the control
limb. This could explain the pathophysiological mech-
anism responsible for the previously reported long-
term effects of intermittent compression in patients.
Materials and Methods
The present study was approved by the Temple Uni-
versity Institutional Animal Care and Use committee
and conformed to the NIH guide for the care and
use of laboratory animals (Bethesda, MD 20892).
Rabbits: adult male New Zealand rabbits with
a minimum age of two years were used. (Covance,
Denver, PA) Weight: at least 4.0 kg.
Experimental design
Eleven rabbits were entered into the study and fol-
lowed for a 10-week period. One of these was a control
that underwent bilateral femoral artery ligation, but
was not treated with intermittent compression ther-
apy. The remaining ten rabbits underwent daily uni-
lateral hind-limb compression for one hour a day on
the right side only.
Anesthesia: Ketamine (35e50 mg/kg) and Xylazine
(5 mg/kg) were injected in the triceps muscle of the
thoracic limb, thereby avoiding any muscular injury
to the hindlimb.
Bilateral femoral ligation surgery
In rabbits, the lateral circumflex femoral artery comes
off directly from the femoral artery and not from the
deep femoral artery.14 The most proximal ligature
was applied distal to the take off of the lateral cir-
cumflex artery (which itself is distal to the take-off
of the deep femoral artery as shown in Fig. 1). The
superficial femoral artery (SFA) was dissected cir-
cumferentially for a distance of 1.5 cm and a distal
ligature was applied. The SFA was transected in the
middle between these ligatures and allowed to re-
tract. This prevents the formation of short jumping
’’bridge’’ collaterals21 between the ligatures andpreserves the pathways for collaterals to develop
from both the deep femoral artery and the lateral cir-
cumflex artery. This type of model has been shown
previously to result in collateral formation without
significant ischemia, gangrene, or loss of function.18
This meant that no limping or behavioral changes
were noted in the caged rabbits, but does not imply
that these animals would have a normal exercise
tolerance.
Compressions
Intermittent pneumatic compression was started on
post-op day 1. Compressions were performed for 1
hour a day, six days a week. Rabbits tolerated hind-
limb compressions without medications; instead
they were conditioned with treats while confined in
a rabbit holder. The compression-device (ArtAssist
1000, ACI Medical, San Marcos CA 92069) was cali-
brated to deliver a pressure of 90 mmHg. Standard
compression cycles were used, that is, three-second
periods with a rise-time <0.3 sec.; three cycles per
minute. The timing of the compression cycle was
based on previous work,8 which looked at the popli-
teal flow-response after singular calf-compressions
with increasing pressure. In view of the smaller
circumference of the rabbit-limb, the peak-pressure
was empirically reduced from 120 to 90 mmHg to
avoid animal discomfort. The cuff was originally de-
signed for the human foot and has a complex shape
with maximum dimensions of 27 30 cm. It enclosed
both the rabbit thigh and calf (not the rabbit-foot) with
a functional bladder width of 13 cm. In between
Fig. 1. Diagram demonstrating the location of the ligation
and transsection of the femoral artery. This is a medial
view of the left leg. In rabbits, the lateral circumflex artery
takes of from the femoral artery, distal to the take off of
the deep femoral artery. The collaterals connected to the
deep femoral artery are anatomically located in the semi-
membranosus and semitendinosus muscles.
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late in the standard size housing (70 58 cm).
Euthanasia-procedure
Under general anesthesia, a midline laparotomy was
performed and the infrarenal aorta and vena cava
cannulated. Infusion of a warm rinsing solution of
heparin/saline (10,000 Units in 250 cc) was followed
by a warm Papaverin-Dextran solution (60 mg in
250 cc). Venous return from the lower body was
drained via a 14 G catheter inserted in the IVC to
gravity. Two ml of Euthasol (390 mg Pentobarbital
and 50 mg Phenytoin per ml, Delmarva Labs, VA
23113) was given by intracardiac injection prior to
infusion of 10% formalin into the distal aorta under
physiological pressure. This was obtained by raising
the infusion bag 109 cm above the operating table,
resulting in pressure-fixation.
Arteriography
Liquid barium sulfate suspension 60% (E-Z¼ Paque
EZEM, Inc. Westbury, New York 11590) was infused
via a 14 G ( 32 mm) catheter placed in the distal
aorta. An initial volume of 25 ml was slowly hand in-
jected over 4 minutes. Thereafter, physiological pres-
sure distension was maintained by elevating the I.V.
bag of contrast to a level 109 cm (¼ 80 mmHg) above
the animal. The films (Kodak MIN-R2) were exposed
to 28 kV and 160 mAs in a lateral projection. Com-
parable pure lateral projections were facilitated by
trans-section of the pelvic ring and application of
compression (10 lbs) to the specimen with a mammog-
raphy apparatus. The developed X-Ray films were
digitally scanned at 2400 dpi.
The directional orientation of collaterals is predeter-
mined by the direction of pre-existing muscle vessels.
In rabbits, the large thigh-flexors are not oriented in
the same direction as the femur. The origin of the
semi-membranosus and semi-tendinosus muscles is
the tuberosity of the ischium with insertion on the pa-
tella and shank. Depending on the leg position, these
flexor muscles lie at about a 30 to 45 degree angle to
the femur. When collaterals enlarge, they become vis-
ible and are oriented parallel to a line that connects
the ischial tuberosity with the patella or sesamoid
bone located posterior to the femoral condyle. We
transected this axis with a line drawn at a perpendicu-
lar angle, (Fig. 2) counted and measured the crossing
collaterals. This was done at the same distance from
the bony landmark (ischium) on right and left side.
The sample area was 4.0 cm wide and 2.0 mm thick.
Eur J Vasc Endovasc Surg Vol 34, September 2007A blinded observer measured and counted vessels in
the cropped sections. The vessel-diameters were mea-
sured perpendicular to the direction of the vessel.
Software used consisted of: Adobe Photoshop and
Image Tool (UTHSCSA).
Histological methods/specimens
Sections measuring 3.0 2.0 cm were cut transversely
through the medial flexor muscles at the angiographic
level of the mid-zone collaterals. This sample area
consisted mainly of the semi-membranous muscle
and surrounding connective tissue. After reviewing
the entire slide at low magnification, the largest collat-
eral artery was selected by two observers looking
simultaneously at the same specimen using a stage
micrometer. Arterial collaterals could be easily identi-
fied by their round shape (pressure-fixation) and by
the presence of barium in the lumen. In addition,
a thin-walled, collapsed vein was always found close
to the artery. Wall-thickness (lumen to outer adventi-
tia) was measured for the arteries after staining with
Masson trichrome and Hematoxylin-Eosin.
Statistical Methods
Paired, two-tailed T-test was used for the 10 treated
versus the 10 control limbs. Calculations were done
with SigmaStat software (Jandel Scientific, San Rafael,
Calif). Reproducability of angiographic measure-
ments was expressed as the standard-deviation of
ten measurements.
Results
All animals tolerated daily compressions, without
need for medication or anesthesia and all animals
survived until the end of the 10 week follow-up pe-
riod. The arteriograms demonstrated a symmetrical
filling-defect, which was at least 15 to 20 mm long
and represented the occluded femoral artery segment.
On both sides, a collateral network was visualized
with reconstitution of the distal popliteal, saphenous
and sural arteries. These collaterals run from the
deep femoral artery to the arteria saphena parva on
the flexor side and are anatomically located in the
flexor muscles. Individual differences between ani-
mals were noted in the numbers and sizes of the col-
laterals in the area of interest. In the control animal,
that underwent bilateral ligation without compres-
sion, the number of collaterals larger than 100 microns
was seven on both the left and the right side.
343Collaterals and Limb CompressionFig. 2. As the muscle-collaterals are oriented in the direction of the semi-membranosus and semi-tendinosus muscles, the
collaterals point from the tuberosity of the ischium in the direction of the patella. Collaterals were measured and counted in
the highlighted rectangles.An example of the angiographical appearance after
10 weeks of compression on the right leg is shown in
Fig. 3. There is an obvious increase in the number of
large collaterals on the compressed side, as compared
to the non-compressed control side.
Reproducibility of the vessel-size measurements by
the single, blinded, observer was examined by repeat-
ing the measurements ten times on the same vessel,
interspersed in random order, by other vessels. The
intra-observer variability within the same vessel, re-
sulted in a standard deviation of the measurement
of 3.7%. The reproducibility of vessel-counting wasassessed by performing one limb vessel-count four
times. This resulted in a standard deviation of 3.9%.
In the treated animals, a total of 141 collaterals in
the 101e700 micron range was found; 81 of these on
the compressed side. Paired T-test for the difference
in the number of collaterals in the 10 matched limb-
pairs was significant at p< 0.005. The data passed
the normality test.
Since the hemodynamic effects of different-sized
vessels are quite different, as discussed below, the ves-
sels were categorized in four separate size-ranges.
Vessels smaller than 100 micron were not analyzed.Fig. 3.Micro-arteriogram obtained by barium infusion into the aorta. The overview shows an increased vessel density in the
treated side versus the control limb. Close-up demonstrates the increase in vessel-size and tortuosity.
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sion, andwere not considered to be the result of remod-
eling, but rather of immediate vasodilation of pre-
existing arterioles.
Fig. 4 is a frequency histogram of the numbers of
collaterals in four size categories, comparing com-
pressed to control limbs. With compression, there
was an increased number of vessels in all size cate-
gories, with the largest vessels found on the com-
pressed sides.
Table 1 shows mean number of collaterals per limb
andmean size. Aside from the increased number of col-
laterals per limb, this table showsno significant increase
in the mean collateral size. Microscopic examination of
the collaterals demonstrated normal features for collat-
eral arteries at this time-interval after ligation, namely
a 6e7 cell-layer neo-intima (Fig. 5). No obvious differ-
ences were apparent between the compression treated
and the control side of the animals. The differences in
measured mean collateral wall-thickness between
treated (39 micron 15.5) and control side (39 8.6
micron) were not significant ( p¼ 0.9 t-test).
Discussion
We found that 10 weeks of daily compression resulted
in a significant increase in number of thigh-collaterals
larger than 100 microns in our rabbit-model. To our
knowledge, this is the first time that asymmetry in an-
giographical changes, consistent with modulation of
collateral-development, were produced in an animal
model, without creating an arterio-venous fistula and
without administration of growth factors.21,22 The col-
laterals were confirmed by histological examination.
The mechanisms involved with this would likely
come to play during one or more of the stages of
Fig. 4. Histogram of the numbers of collaterals in different
size categories. Increased numbers are noted on the com-
pressed sides.
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which is angiographically visible, occurs within hours
and consists of vasodilation of intramuscular connect-
ing arterioles. As a result, these vessels increase from
30e50 microns to a lumen diameter of 100 microns.
As this immediate response does not reflect structural
arterial remodeling and occurs before the first com-
pression treatment is given, we did not count or at-
tempt to analyze these vessels smaller than 100
microns.
The next stage of collateral growth, most pro-
nounced three to seven days after occlusion, is the pro-
liferation-stage. We did not employ techniques, such
as the incorporation of labeled bromodeoxyuridine
to see if this is specifically affected by daily compres-
sion. A practical problem with early angiographical
evaluation is the abundance of small vessels, projec-
ting on top of each other in two-dimensional X-ray
images.
The next stage, from 5 to 240 days after occlusion, is
increased synthetic (matrix) activity by the smooth
muscle cells, resulting in formation and remodeling
of a neo-intima. The status of this process, at 10 weeks
after occlusion, was affected by the intermittent exter-
nal compression treatment. We can only hypothesize
that activation of mechanoreceptors by shear stress,
leads to collateral remodeling. In addition to the direct
stretching effect on vessels22 causing remodeling,
there is evidence in humans for temporarily increased
collateral arterial flow-velocity13 upon release of each
compression, which increases fluid shear-stress on the
endothelial surface. This is analogous to the flow-
increase in popliteal arteries upon each cuff-deflation.
The histological findings in this study did not
demonstrate obvious structural differences between
collaterals in a compressed limb versus control-limbs.
The significance of finding a well-developed pseudo-
intima is that this confirms the structural remodeling,
which has taken place in the pre-existing arteriole.
Weaknesses of the study design and rabbit model
The left to right comparison model lends itself well
to morphological studies, but did not allow for
Table 1. Results in the 20 limbs. P values obtained with Student
T test, comparing the angiographical luminal size of all collaterals
in each group of limbs
Number of
collaterals
per limb
Mean size
(mm)
Vessel
thickness
(mm)
Control (n¼ 10) 6.0 0.97 0.31 0.16 39 8.6
Compressed (n¼ 10) 8.1 0.87 0.33 0.17 39 15.5
p-value <0.005 0.69 0.97
345Collaterals and Limb CompressionFig. 5. Hematoxyline-Eosin stain of histological sections of collaterals, taken from the compressed versus the control side.
No obvious differences in the multi cell-layer neo-intima are noted.comparison between different animals by exercise-
testing to look at the functional reserve of the
collaterals.
The rabbits used in this study were healthy and not
hyperlipidemic, diabetic or deficient in L-Arginine. In
a more ‘‘life-like’’ situation, the capacity to make col-
laterals may be much less and may be less susceptible
to stimulation by compression treatment. Likewise,
these rabbits were mature/middle-aged at 2-years
age, but truly old rabbits (five years) have less poten-
tial for collateral growth23 and might be less affected
by compression. This model is not a model of critical
ischemia, which would require excision of a long seg-
ment of femoral artery and side-branches, therefore
our findings may not be directly applicable to critical
limb-ischemia. If collateral growth can be sufficiently
stimulated by mechanical means, this may be prevent
the onset of critical ischemia, or perhaps enable more
distal amputations.
Many clinicians are skeptical that collaterals can
compensate for the obstructed ‘‘in-line’’ flow. Earlier
experience with application of neo-angiogenesis in
the lower extremity has been disappointing. It is there-
fore important to realize that the functional difference
in diameter between a newly formed 10 micron
(neo)-angiogenesis vessel and a fully developed 1 mm
(¼ 1000 microns) result of collateral-remodeling, is
not just a factor 100. In terms of volume-flow, the fourth
power relationship according to Poiseuille’s formula,24
would result in a 100million-fold difference in volume-
flow. The addition of more collaterals has a smaller
impact than a size- increase. Sincewe found on average
an increase from six to eight collaterals in this study,we
can estimate the effect of eight versus six equal collat-
erals with the electrical formula for parallel resistors.
This states that the overall resistance of the parallelresistors equals one divided by the sum of the inverse
of each individual resistor. This would result in
a 28.6% decrease in overall resistance. Assuming that
the systemic pressure remains constant, this would
result in a 28.6% increase in perfusion or volume flow.
In conclusion, the present study angiographically
demonstrated, for the first time, that a period of daily
intermittent compression increased the number of col-
laterals in adult rabbits. In our model, the duration,
extent and location of the femoral occlusions were
identical between right and left hind-limbs, and the
angiogram performed via the distal aorta ensures
the same filling-pressure for both legs. Differences in
post-mortem angiographical appearance, between
compression-treated and control hind-limb, cannot
be attributed to differences in X-ray exposure timing.
The increased vascularity is therefore a direct result of
the compression treatment. Additional studies might
allow further optimization of conservative strategies
to address non-reconstructable limb ischemia in the
expanding population of elderly individuals.
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